Microglial activation in response to pathological stimuli is characterized by increased migratory activity and potential cytotoxic action on injured neurons during later stages of neurodegeneration. The initial molecular changes in the CNS favoring neuronofugal migration of microglia remain, however, largely unknown. We report that the extracellular matrix protein tenascin-R (TN-R) present in the intact CNS is antiadhesive for activated microglia, and its downregulation after facial nerve axotomy may account for the loss of motoneuron protection and subsequent neurodegeneration. Studies on the protein expression in the facial and hypoglossal nucleus in rats demonstrate that TN-R is a constituent of the perineuronal net of motoneurons and 7 d after peripheral nerve injury becomes downregulated in the corresponding motor nucleus. This downregulation is reversible under regenerative (nerve suture) conditions and irreversible under degenerative (nerve resection) conditions. In short-term adhesion assays, the unlesioned side of brainstem cryosections from unilaterally operated animals is nonpermissive for activated microglia, and this nonpermissiveness is almost abolished by a monoclonal antibody to TN-R. Microglia-conditioned media and tumor necrosis factor-␣ downregulate TN-R protein and mRNA synthesis by cultured oligodendrocytes, which are one of the sources for TN-R in the brainstem. Our findings suggest a new role for TN-R in neuronal protection against activated microglia and the participation of the latter in perineuronal net destruction, e.g., downregulation of TN-R.
The appearance of activated microglia with high migratory and potentially cytotoxic capacity toward neurons and oligodendrocytes (OL s) has been observed in association with different CNS pathologies and is suggested to be one of the regenerationinhibitory signals (Kreutzberg, 1996; Moore and Thanos, 1996) . Although a number of studies has contributed to our understanding of microglial activation, the molecular changes in the CNS environment that favor the rapid migration and stable adhesion of microglia at the surface of injured neurons remain primarily unknown. During normal development, the establishment of complex communities of neural cells and their projections critically depends on the balance of adhesion-promoting or adhesioninhibitory environmental signals present in the extracellular matrix (EC M) or at the membrane surface (Venstrom and Reichardt, 1993; Goodman, 1996) . A typical example for such ECM molecules are the two members of the tenascin (TN) family, TN-C and TN-R (Erickson, 1993; Chiquet-Ehrismann, 1996) . Depending on their topographical expression and the repertoire of cell surface receptors or intracellular signaling cascades, they can act as (1) adhesive or antiadhesive molecules and (2) inhibitors or promoters of neurite outgrowth (Pesheva et al., , 1997 Chiquet-Ehrismann, 1995; Götz et al., 1996; Nören-berg et al., 1996; Schumacher et al., 1997) . In contrast to TN-C, TN-R is amply expressed in the adult CNS, in which it exists in two major isoforms of 160 (TN-R 160) and 180 (TN-R 180) kDa (Pesheva et al., 1989) . TN-R is expressed by myelinating OLs and small subsets of CNS neurons (interneurons and motoneurons) during postnatal development and in adulthood (Pesheva et al., 1989; Fuss et al., 1993; Wintergerst et al., 1993) . Mammalian TN-R is adhesive for macroglial cells and antiadhesive for various CNS neurons (Pesheva et al., 1989 (Pesheva et al., , 1997 Morganti et al., 1990; Taylor et al., 1993) . The substrate-bound protein thus promotes OL cell adhesion and terminal differentiation by a sulfatide-mediated mechanism and inhibits neuron adhesion and axon outgrowth in vitro by its interaction with the neuronal protein F3/11.
Studies on TN-C during CNS pathology give evidence for the upregulation of protein expression in association with reactive gliosis and suggest its implication in the molecular control of cell migration, angiogenesis, and axon remodeling (Higuchi et al., 1993; Niquet et al., 1995; Zagzag et al., 1996; Scheffler et al., 1997) . The expression of TN-R under pathological conditions remains, however, obscure. In the present study, we have examined the expression patterns of TN-R and TN-C in the adult rat brainstem and their functional relevance to the appearance of activated microglia after peripheral axotomy of the facial or hypoglossal nerve, because this animal model allows a precise analysis of (1) the cellular and molecular changes occurring in the corresponding motor nucleus under experimental conditions allowing or not allowing subsequent regeneration and (2) microglial activation (Streit and Graeber, 1993; Angelov et al., 1995; Graeber, 1996) .
We report that TN-R present in the perineuronal net of motoneurons becomes downregulated in the lesioned nucleus when activated microglia are found in direct contact with motoneurons. Functional studies in vitro imply the antiadhesive substrate properties of TN-R for activated microglia and a potential role of the latter in downregulation of the protein.
MATERIALS AND METHODS

Materials.
Mouse monoclonal Abs tn-R1 and tn-R2 (clones 597 and 596) to TN-R have been characterized (Pesheva et al., 1989) . Monoclonal Ab tn-R6 was raised in BAL B/c mice using an equimolar mixture of adult brain-derived chick and human TN-R immunoaffinity purified on a tn-R2 Ab column as antigen and for the screening of positive hybrid clones. The Ab belongs to the IgG1 subclass and recognizes a protein epitope of yet unknown location present on the 160 and 180 kDa isoforms of TN-R derived from chick, mouse, rat, bovine, and human brain. In Western blot analyses of brain extracts from a number of vertebrates, tn-R6 reacts with two single bands of 160 and 180 kDa corresponding to TN-R (P. Pesheva, E. Spiess, K . Winterhalter, and T. Peshev, unpublished observations). Polyclonal Abs to mouse brain-derived TN-R 160 (pTN-R), which react with TN-R 160 and TN-R 180 from rat brain but not with TN-C, were produced in rabbits. Polyclonal Abs to mouse brain-derived TN-C (recognizing TN-C in the rat) and laminin (L N) from Engelbreth -HolmSwarm (EHS) mouse sarcoma were produced in rabbits (Pesheva et al., 1994) . Rat monoclonal Ab J1/tn2 recognizes the fibronectin type III domain fnD of TN-C . Mouse monoclonal Abs O4 and O1 recognize glycosphingolipids expressed at the cell surface of OL s of different maturation stages (Sommer and Schachner, 1981; Bansal et al., 1989) . Monoclonal Ab Ox-42 recognizing the rat complement receptor type 3 (CR 3) complex was purchased from Serotec (Oxford, England). Biotin-labeled Vicia villosa agglutinin was purchased from Sigma (Deisenhofen, Germany). TN-R was purified from brains of adult Wistar rats by immunoaffinity chromatography on a monoclonal tn-R2 Ab column (Pesheva et al., 1989) . These TN-R preparations consisted of an approximately equimolar mixture of the 160 and 180 kDa isoforms and were recognized by all monoclonal Abs to TN-R used in this study when analyzed by Western blot and ELISA.
Surger y. For all surgical operations, 3-month-old female Wistar rats (strain HsdC pb:Wu) were used. Sixty-two animals underwent surgery, and two animals served as normal controls. The surgical operations on facial and hypoglossal nerves were performed under a microscope by trained microsurgeons. The animals were anesthetized with ether, and after an intraperitoneal injection of 1.4 ml of Avertin (2 gm of tribromethanol, 1 ml of 3-pentanol, 8 ml of absolute ethanol, and 90 ml of 0.9% NaC l), the main trunk of the facial or hypoglossal nerve was unilaterally exposed and immobilized. Nerves were axotomized under conditions allowing (transection and suture) or not allowing (resection) subsequent regeneration.
Transection and suture. Forty rats underwent an unilateral transection and immediate end-to-end suture of the facial (20 rats) or the hypoglossal (20 rats) nerve. The main trunk of the facial nerve was exposed and transected at its emergence from the foramen stylomastoideum distally to the posterior auricular branch. The proximal stump was then microsurgically sutured to the distal stump with two 11-0 atraumatic sutures (Ethicon), an operation known as facial -facial anastomosis (FFA) (Guntinas-Lichius et al., 1994) . Animals undergoing FFA were divided into six groups (of 2 or 4 rats each) that were allowed to survive for 3, 5, 7, 14 (4 rats each), 56, and 112 postoperative days (PODs) (2 rats each). For unilateral transection of the hypoglossal nerve, the nerve trunk was exposed and transected between its medial and lateral branches, followed by an immediate end-to-end suture [(hypoglossal -hypoglossal anastomosis (HHA)]. Animals undergoing HHA were also divided into six groups (of 2 or 4 rats each, as above) and allowed to survive for the same time periods as described above.
Resection. Sixteen rats underwent an unilateral resection of the motor nerve. In eight rats, a piece of 8 -10 mm length of the right temporal, zygomatic, buccal, upper, and lower divisions of the marginal mandibular branch was removed surgically. In the other eight rats, a piece of 8 -10 mm length of the hypoglossal nerve was removed (Neiss et al., 1992; Guntinas-Lichius et al., 1994) . Animals undergoing resection of the facial or hypoglossal nerve were divided into four groups each that were allowed to survive for 7, 14, 30, and 112 PODs (2 rats each).
At the end of each postoperation period, animals were anesthetized with ether, and their vascular systems were rinsed with 0.9% NaC l. Rats were then treated with fixative by transcardial perf usion with a periodate -lysine -paraformaldehyde fixative containing 4% paraformaldehyde (PA) and 10 mM sodium meta-periodate in 0.2 M lysine -HC l buffer, pH 7.4 (McLean and Nakane, 1974) . The brainstems were subsequently removed and cut into 50-m-thick coronal vibratome sections in 0.1 M phosphate buffer, pH 7.4.
Immunoc ytochemistr y. Immunostaining of tissue sections was performed as described previously (Angelov et al., 1995 (Angelov et al., , 1996b . The immunoreaction product was visualized using a horseradish peroxidaseavidin -biotin complex and diaminobenzidine tetrahydrochloride (DAB). In control experiments, the omission of primary or biotinylated secondary Abs resulted in a complete lack of immunoreaction product.
Perineuronal nets around motoneurons were identified by biotinylated Vicia villosa agglutinin (Sigma). Tissue sections were incubated with biotinylated Vicia villosa agglutinin (1:200) for 3 hr, and lectin binding was detected by C y2-conjugated streptavidin (1:100) (Sigma).
The expression of specific cell surface markers by cultured microglial cells and oligodendrocytes from early postnatal rat brain was analyzed by indirect immunofluorescence (Pesheva et al., 1998) using C y3-conjugated secondary Abs (Jackson ImmunoResearch, West Grove, PA).
Electron microscopy. After HRP-DAB reaction, sections were rinsed in 0.1 M cacodylate buffer, pH 7.2, incubated for 2 hr in 1% OsO 4 and 1.5% K 3 Fe III (C N) 6 in the same buffer, and dehydrated in graded acetones. Sections were then embedded in araldite (Durcupan AC M; Fluka, Buchs, Switzerland) and f urther processed for electron microscopy.
Glial cell cultures. Microglial cells were obtained from cerebral glial cultures of 1-or 2-d-old rat pups (from Wistar or Lewis rats) as described previously (Pesheva et al., 1998) . After 11-14 d in culture, microglial cells were shaken off the astrocytic monolayer and immediately used for cell adhesion assays (see below) or maintained for several days in culture in DM EM containing 10% or 5% fetal calf serum (FC S). This procedure yielded a homogeneous population of microglial cells expressing marker molecules for activated microglia, such as CR 3 and galectin-3 (Graeber et al., 1988; Pesheva et al., 1998) .
OL s were obtained from cerebral glial cultures of neonatal rat pups (McC arthy and de Vellis, 1980) . After 12 d in culture in DM EM containing 10% FC S, OL s were shaken off the astrocytic monolayer, collected by centrif ugation (600 ϫ g for 10 min at 4°C), and resuspended in the same medium. Contaminating microglial cells were removed from the cell suspensions by preadhesion to untreated culture dishes (twice for 30 min at 37°C). Nonadherent cells were then collected by centrif ugation, resuspended in DM EM containing 5% FC S, plated onto poly-L-lysine (PL L)-coated (0.1 mg /ml in water) tissue culture dishes at a density of 1-2 ϫ 10 6 cells/ml, and maintained for several days in culture. Under these conditions, 100% of the cells were O4-positive, and the majority of them were O1-positive, defining them as mature OL s (R. Probstmeier and P. Pesheva, unpublished observations).
Microglia-conditioned media (MC M) were obtained after 2 or 3 d in culture in DM EM containing 5% FC S, cleared by centrif ugation (100,000 ϫ g for 20 min at 4°C), and immediately frozen at Ϫ70°C until use or directly applied to cultured OL s. After 2 d in culture on PL Ltreated multiwell plates (4-or 6-well plates; Nunc, Roskilde, Denmark), OL s were cultured for 2 d in MCM or DMEM containing 5% FC S in the absence or presence of tumor necrosis factor-␣ (TN F-␣) (200 U/ml; PeproTech, Rocky Hill, NJ) or interleukin-1␤ (IL -1␤) (10 U/ml; PeproTech). The resulting OL -conditioned media were cleared by centrif ugation (100,000 ϫ g for 20 min at 4°C) and stored at Ϫ70°C until use.
Cell adhesion assays. For cell adhesion assays on purified protein substrates, tissue culture dishes were coated with PL L (concentration of 0.01%), washed three times with water, and air-dried. TN-R and L N from EHS sarcoma (20 g /ml in PBS) were coated onto the PL L layer as 2 l droplets for 60 min at 37°C, and dishes were then washed twice with PBS. After 60 min of incubation at 37°C with PBS containing 2% heat-inactivated bovine serum albumin (BSA), Abs to TN-R (final concentration of 100 g /ml) were added to the solution, and dishes were incubated overnight at 4°C and subsequently washed three times with PBS. Microglial cells derived from mixed glial cultures of 1-or 2-d-old rat pups (see above, Glial cell cultures) were plated onto the substrates at a density of 1 ϫ 10 6 cells/ml in DM EM containing 10% FC S. After 30 min of incubation at 37°C, nonadherent cells were washed away with PBS, and dishes were incubated for 30 min at room temperature with 4% PA in PBS. Adherent cells were then stained for 20 min with 0.5% toluidine blue in 2.5% Na 2 CO 3 , washed once with water, and air-dried. The substrate spots were visualized by ELISA using monoclonal tn-R2 and polyclonal Abs to L N, and the respective secondary alkaline phosphatase-conjugated Abs (Promega, Madison, W I) or in Ab perturbation experiments, the secondary Abs only. For estimation of the number of cells adhering to the different substrates, cells from micrographs were counted in microscopic fields corresponding to 800 m 2 . Mean Ϯ SD of number of adherent cells in five different microscopic fields are represented as percentages.
For cell adhesion assays on brainstem cryosections, two rats underwent unilateral resection of the facial nerve, and another two underwent resection of the hypoglossal nerve. After a postoperative survival period of 10 d, the brainstems were quickly removed and immediately frozen at Ϫ159°C in melting isopentane precooled in liquid nitrogen. The brainstem regions containing the facial or hypoglossal nuclei were then cut into 10-m-thick cryosections, mounted onto sterile coverslips (11 mm in diameter), placed into wells of 24-well plates, and kept at Ϫ70°C until use. Microglial cells shaken off the astrocytic monolayer (see above) were labeled for 10 min at room temperature with bisbenzimide (20 g /ml in Ca 2ϩ -and Mg 2ϩ -free HBSS). C ells were subsequently washed three times (600 ϫ g for 5 min at 4°C) with cold DM EM containing 10% FC S (culture medium) and resuspended in culture medium. Frozen 24-well plates containing brainstem cryosections were kept for 10 min at room temperature and incubated for 90 min at 37°C with 200 l / well culture medium containing or not containing monoclonal and polyclonal Abs to TN-R (100 g of IgG/ml culture medium). For each individual Ab, five equidistant cryosections through the nuclei (with an interval between the sections of ϳ200 m) were preincubated as described above and used as a substrate for microglial adhesion. The medium was then caref ully removed and single-cell suspensions of labeled microglial cells (1 ϫ 10 6 cells/ml culture medium; 200 l / well) were added to the wells. After 30 min of incubation at 37°C, unbound cells were gently washed away, once with 500 l of culture medium and twice with 500 l of PBS containing 1% BSA. Cryosections were subsequently treated for 30 -45 min at room temperature with 4% PA containing 5% sucrose prewarmed at 37°C, washed twice with PBS, and embedded. For quantitative analysis, the boundaries of the nuclei on each section were delineated in the brightfield image using a CCD video camera system (Optronics Engineering) and image analyzing software Optimas 6.1 (Optimas) and were superimposed onto the fluorescence image of bisbenzimide-labeled cells (filter set 01; Z eiss, Jena, Germany). The number of labeled cells adherent to individual nuclei of the operated and unoperated side was counted and related to the surface area of the nucleus. The data obtained are represented as mean Ϯ SD of the number of cells per area (500 m 2 ) of a nucleus from the unoperated (control) and operated side, respectively. To measure statistically significant Ab effects, the Student's t test was applied.
Western blot anal ysis. T wo rats underwent unilateral resection of the facial nerve, and at POD 7, the animals were anesthetized and decapitated. The regions of the brainstem containing the facial nuclei were quickly removed and separated along the midline into an operated and unoperated portion. The tissue pieces were subsequently homogenized in 10 mM Tris-HC l, 150 mM NaC l, 5 mM EDTA, 5 mM EGTA, pH 7.4, containing 1 mM spermidine, 1 M aprotinin, 5 M soybean trypsin inhibitor, 1 mM phenylmethylsulfonyl fluoride, 1 mM iodoacetamide, and 1 mM type III egg-white trypsin inhibitor (extraction buffer) extracted for 90 min at 37°C, and insoluble material was cleared by centrif ugation (100,000 ϫ g for 30 min at 4°C). TN-R in tissue extracts of equal protein concentration was selectively immunoprecipitated by using pTN-R and pansorbin cells (C albiochem, La Jolla, CA) or monoclonal Ab tn-R2 and rabbit anti-mouse IgG (Jackson ImmunoResearch) linked to pansorbin cells as a carrier. After an end-to-end rotation overnight at 4°C, pansorbin cells were washed three times with 1 ml of extraction buffer (100,000 ϫ g for 2 min at 4°C), resuspended in 40 l of SDS sample buffer (Laemmli, 1970) , and boiled for 4 min. Pansorbin cells were removed by centrif ugation, and protein samples were subjected to SDS -PAGE using 7% polyacrylamide slab gels and f urther analyzed by Western blot using monoclonal TN-R Abs or pTN-R, secondary HRP-conjugated Abs (Boehringer Mannheim, Mannheim, Germany), and the ECL method for detection (Pierce, Rockford, IL).
Sandwich ELISA. Media conditioned by OL s (see above, Glial cell cultures) were analyzed by sandwich ELISA using monoclonal Abs to TN-R as a linker (tn-R1 or tn-R2 at a coating concentration of 20 g /ml) and pTN-R immunoaffinity purified on a TN-R column for detection. After incubation of OL -conditioned media (overnight at 4°C, 100 l/ well) with the immobilized monoclonal Abs, polyclonal Ab binding (for 2 hr at 37°C) was detected by biotinylated Fab fragments of sheep anti-rabbit IgG and streptavidin-HRP conjugate (Boehringer Mannheim). Values for the TN-R content under different culture conditions were plotted onto a standard curve prepared in parallel from purified rat TN-R (2 g /ml to 3 pg /ml) and represented as mean Ϯ SD of triplicate measurements.
RT-PCR . Total RNA was isolated from 2-4 ϫ 10 6 OL s cultured under different conditions by phenolchloroform extraction (Chomczynski and Sacchi, 1987) , and 3 g of RNA was used for oligo-dT-primed singlestrand cDNA synthesis with superscript reverse transcriptase using the SuperScript preamplification system (Life Technologies, Eggenstein, Germany) in 20 l of reaction volume. Single-strand cDNA (4 l) was amplified in 20 l of reaction volume using the rat TN-R-specific primers 5Ј-GACATACAAGTCCACCGAT-3Ј and 5Ј-C TGTGAGACGATG-GATGTA-3Ј in 10 mM Tris-HCl, pH 9.0, 50 mM KCl, 1.5 mM MgCl 2 , 0.1% Triton X-100, 0.2 M dN TP, and 0.26 M primer each. This amplification leads to a 827 bp product. As a control, glycerinaldehyde-3-phosphatedehydrogenase (GAPDH)-specific primers were used with 1 l of template cDNA. Products were amplified through 39 cycles of 45 sec at 94°C, 45 sec at 50°C, and 90 sec at 72°C. PCR products (8 l) were analyzed on 1% agarose gels.
RESULTS
TN-R is a constituent of the perineuronal net of motoneurons
In the adult CNS, TN-R appears in association with the surface of interneurons, motoneurons, OLs, and myelinated axons in the white matter (Pesheva et al., 1989; Rathjen et al., 1991; . In the OL-free rodent retina, the protein is detectable in the outer and inner plexiform layers in association with neuronal cell bodies and processes. Immunocytochemical analysis of TN-R expression in the facial or hypoglossal nucleus of the adult rat brainstem revealed two main locations: (1) diffusely spread throughout the neuropil and (2) associated with the surface of motoneuron somata as a well defined band (Fig. 1 A) . The latter staining pattern was also observed when brainstem sections were analyzed by indirect double immunofluorescence using Vicia villosa agglutinin, a marker for perineuronal nets (Fig. 1C) (Celio and Blümke, 1994) , and TN-R-specific Abs (Fig. 1 D) . Immunostaining of adjacent sections of the facial nucleus with Abs to the structurally related ECM protein TN-C revealed a similar expression pattern but of much weaker intensity (Fig. 1 B) .
At the ultrastructural level, TN-R-specific immunoreaction product was observed as fine granular and homogeneously distributed deposits in closest contact with the outer surface of neuronal cell membranes and diffusely filling the extracellular space between neighboring glial cells (Fig. 1 E) . Immunoreaction product outlining the neuronal cell membrane was absent at axosomatic synaptic sites (Fig. 1 E, inset) . Immunostaining for TN-R was not found in the cytoplasm of motoneurons, in their axonal projections and glial cells (macroglia and microglia), or in the basement membrane of blood vessels; endothelial and perivascular cells were also devoid of immunoreaction product (D. Angelov and M. Walther, unpublished observations).
TN-R is downregulated in the brainstem after facial nerve axotomy
To study the possible functional implication of TN-R under pathological conditions, we next examined the protein expression in the facial or hypoglossal nucleus after peripheral nerve axo-tomy at POD 3-112 in Wistar rats under conditions allowing (transection and immediate suture) or not allowing (nerve resection) subsequent regeneration. Under both conditions, the bloodbrain barrier remains intact, thus allowing the selective examination of brain-intrinsic factors (Shelper and Adrian, 1980; Streit and Kreutzberg, 1988) .
After FFA or HHA, the axons regenerate successfully within 28 -42 PODs (Aldskogius and Thomander, 1986; Angelov et al., 1996a) . At POD 3, no obvious changes in the distribution of TN-R were detected (Fig. 2 A, hypoglossal nucleus) . Starting with POD 5, a slight decrease in TN-R expression in the axotomized nucleus could be observed (Fig. 2 B) . Between POD 7 and POD 10, a marked decrease in the expression of TN-R occurred in the neuropil and around motoneurons, although less pronounced (Fig. 2C,I , POD 7). During later survival periods (PODs 14, 56, and 112), the expression pattern of the protein did not differ any more from that in the control nucleus or in unoperated animals ( Fig. 2 D, POD 14) . In contrast to the downregulation of TN-R, there were no detectable changes in the expression of TN-C at PODs 3 and 5 (Fig. 2 E, F ) and a slight increase in the TN-Cspecific immunostaining between PODs 7 and 10 (Fig. 2G) . From POD 14 on, the immunostaining pattern was similar to that in unoperated animals (Fig. 2 H, facial nerve) . The decreased TN-R immunoreactivity was also evident at the ultrastructural level (Fig. 3) . At this time, the well known "synaptic stripping" (i.e., postlesional withdrawal of presynaptic boutons from the motoneuron surface membrane) has occurred (Blinzinger and Kreutzberg, 1968) . Notably, microglial cells were observed to contact the lesioned motoneurons exclusively at sites that were virtually devoid of immunoreaction product (Fig. 3 A, B , large arrowheads). Electron microscopic examination of such motoneurons revealed that at 49 of 50 examined contact sites between motoneurons and microglia, TN-R immunoreaction product was completely absent.
In contrast to transection or crush, nerve resection causes a permanent separation of motoneurons from their target musculature, accompanied by a slowly occurring neuron degeneration (Borke et al., 1993; Guntinas-Lichius et al., 1994; Angelov et al., 1995) . On resection of the motor nerve, a significant change in the number of motoneurons is first detectable at POD 56 when it comprises ϳ84% of that in the unlesioned contralateral nucleus (Guntinas-Lichius et al., 1994; Angelov and Neiss, 1996) . After resection of the hypoglossal nerve, the decrease in TN-R expression in the respective nucleus at PODs 7 and 14 was similar to that observed at POD 7 after HHA (Fig. 2C,I ). In the degenerating facial or hypoglossal nucleus, the expression of TN-R further decreased until POD 30, and this downregulation was not followed by a recovery of the normal immunostaining pattern (studied until POD 112). After 30 and 112 PODs, the immunostaining pattern of TN-C in the lesioned facial nucleus was indistinguishable from that in the unlesioned one (Fig. 1 B) or that observed at POD 14 after FFA (Fig. 2 H) .
Western blot analyses of tissue extracts prepared from lesioned and unlesioned facial nuclei 7 d after unilateral resection of the nerve confirmed the downregulation of TN-R observed by immunohistochemistry (Fig. 4) . The amount of TN-R, which in the brainstem is mainly represented by the 160 kDa isoform, was strongly reduced in the lesioned side (Fig. 4, lane 2) compared with the unlesioned side (Fig. 4, lane 3) of the nucleus. In contrast, there were no significant changes in the amount of TN-C (Fig. 4,  lanes 4 and 5) .
TN-R is antiadhesive for activated microglia
The downregulation of TN-R expression after motor nerve axotomy coincides with the appearance and neuronopetal migration of activated microglia in the lesioned nucleus (Blinzinger and Kreutzberg, 1968) . Molecular cues enabling their clustering around injured neurons may be provided by microglia themselves, as suggested by the elevated expression of cell adhesion molecules 5) . The apparent molecular weights (in kilodaltons) are shown at the lef t. (Moneta et al., 1993) . Another intriguing possibility is the downregulation of molecular components present in the EC M or at the neuronal surface membrane that are nonpermissive for microglial adhesion. To address the latter possibility, we first examined the substrate properties of TN-R for microglial adhesion by short-(30 min) and long-term (24 hr) adhesion assays (Fig. 5A ). For this purpose, BSA, TN-R isolated from adult rat brain, and LN were immobilized as substrates on PL L -treated culture dishes, and single-cell suspensions of microglial cells were plated onto these substrates. After 30 min, microglial cells readily adhered to BSAor LN-containing substrates and acquired flat morphology, whereas the number of cells adherent to substrate-bound TN-R was strongly reduced by ϳ70% (Fig. 5 A, B) . The inhibitory effect of TN-R persisted even after longer culture periods when only few cells with loose contact with the substrate remained attached (Fig. 5A, after 24 hr) . Similar results were obtained when TN-R was directly immobilized as a substrate on tissue culture plastic or in a mixture with LN, suggesting that the microglia-TN-R interaction induces a potent antiadhesive mechanism that acts independently of the presence of adhesive molecules. The antiadhesive action of TN-R on microglial cells was strongly inhibited by polyclonal Abs (pTN-R) and completely neutralized by monoclonal Ab tn-R1 to TN-R (Fig. 5B) .
To prove whether this mechanism is operable also in situ, we next studied the adhesion of bisbenzimide-labeled microglial cells to brainstem cryosections containing the facial or hypoglossal nuclei of rats who underwent unilateral resection of the peripheral nerve and were allowed to survive for 10 d, a time at which TN-R expression is downregulated in the lesioned nucleus (Fig. 6 , hypoglossal nucleus). After 30 min of incubation, there was a striking difference in the number of cells adherent to the unoperated versus the operated side of the brainstem (Fig. 6 A) . In the absence of Abs or in the presence of monoclonal Abs tn-R2 or tn-R6, much less microglial cells (comprising 55-60% of the cell number found on the lesioned nucleus) adhered to the unoperated side (Fig. 6 A, B) . The nonpermissive substrate properties of the intact hypoglossal nucleus were almost neutralized in the presence of monoclonal Ab tn-R1. These results demonstrate that the intact CNS tissue is nonpermissive for microglial adhesion and that TN-R accounts for this nonpermissiveness. 
Activated microglia and TNF-␣ downregulate TN-R expression by oligodendrocytes
To address the question whether injury-associated factors secreted by activated microglia could account for the downregulation of TN-R expression in the lesioned facial nucleus, we examined the effect of MC M and cytokines observed in association with facial nerve axotomy (Raivich et al., 1997) on TN-R synthesis by cultured OL s, which are one of the cellular sources for TN-R in the brainstem . OLs were maintained for 2 d in culture in MC M or in media containing or not containing defined cytokines, (i.e., TN F-␣ and IL-1␤), and the amount of TN-R protein released into the medium was measured by sandwich ELISA (Fig. 7A ). Cultured OL s produce substantial amounts of TN-R, most of which are released into the culture medium (Jung et al., 1993; Pesheva et al., 1997) . In the presence of MC M or TN F-␣, TN-R expression decreased twofold compared with that in the absence of additives, whereas IL -1␤ did not alter the protein expression by cultured cells (Fig. 7A) .
To determine whether a downregulation of TN-R expression occurs at the transcriptional level, we f urther analyzed the expression of TN-R mRNA by RT-PCR (Fig. 7B) . After 2 d in culture, MC M and TN F-␣ were not found to evoke cell death in cultured OL s (Probstmeier and Pesheva, unpublished observations). The TN-R-specific mRNA expression in cells maintained in the presence of MC M decreased significantly (Fig. 7B , lane 5) compared with that in culture medium only (Fig. 7B, lane 4 ) , and this effect was not dependent on the rat strain from which microglial cells were obtained (Lewis or Wistar). TN F-␣ alone was a potent inhibitor of TN-R mRNA synthesis in cultured OLs (Fig.  7B, lane 6 ). In contrast, the levels of expression of the housekeeping enzyme GAPDH remained constant under all conditions tested (Fig. 7B, lanes 1-3) .
DISCUSSION
Our findings demonstrate that TN-R present in the perineuronal net of motoneurons is antiadhesive for activated microglia and after peripheral nerve axotomy becomes downregulated in the lesioned nucleus by a mechanism likely to involve injuryassociated cytokines released by activated microglia. Hence, the loss of EC M components with nonpermissive properties for activated microglia may contribute to a loss of neuronal protection under pathological conditions.
The downregulation of TN-R expression in the lesioned facial or hypoglossal nucleus and its persistence under degenerative conditions coincides with the appearance and permanent presence (during neurodegeneration) of activated microglia around injured motoneurons Streit and Graeber, 1993; Angelov et al., 1995) . The role of microglial activation in motoneuron regeneration is not completely understood. On the one hand, its negative influence is suggested by studies on microglial deactivation after optic nerve lesion, demonstrating that the application of substances suppressing the microglial metabolism retards axotomy-induced neurodegeneration and enhances axon regeneration (Thanos et al., 1993) . Furthermore, cultured (i.e., activated) microglial cells have been shown to secrete different, potentially neurotoxic agents, such as reactive oxygen intermediates (Colton and Gilbert, 1987) , TNF-␣ (Frei et al., 1987) , glutamate (Piani et al., 1991) , and nitric oxide (Boje and Arora, 1992; Chao et al., 1992) . On the other hand, microglia may exert beneficial effects on neuron survival via the secretion of various trophic factors (Streit, 1993; Banati and Graeber, 1994; Barron, 1995) . During early stages of CNS response to peripheral nerve injury, microglial activation does not seem to be necessary for synaptic stripping or motoneuron regeneration (Reisert et al., 1984; Svensson and Aldskogius, 1993a,b,c) , again suggesting that their devastating effect on neurons, if any, occurs during degeneration. Whatever the role of activated microglia in neuron regeneration, the downregulation of TN-R in perineuronal nets seems to make neurons accessible to the stable adhesion of microglia and could thus affect the reestablishment of normal connectivity required for neuron survival.
In contrast to the general upregulation of TN-C expression by reactive astrocytes in different parts of the injured CNS after 5) , or in culture medium containing TN F-␣ (lanes 3 and 6 ) was analyzed by RT-PCR using GAPDH-specific (lanes 1-3) and TN-R-specific primers (lanes 4 -6 ). The apparent molecular weights of the DNA marker (in base pairs) are shown at the right. disruption of the blood-brain barrier (for review, see , no significant changes in the low protein levels occur during motoneuron regeneration and /or degeneration in the lesioned facial nucleus in which the blood-brain barrier remains intact. Hence, this member of the TN family does not appear to substitute for the downregulation of TN-R in the lesioned nucleus, i.e., the suggested f unctional implication of TN-R in neuron protection. Moreover, polyclonal Abs to TN-C are not found to interfere with the nonpermissive substrate properties of intact motor nuclei for microglial adhesion (Probstmeier and Pesheva, unpublished observations). Because the regulation of astrocytic TN-C appears to be mediated by the synergistic action of transforming growth factor-␤1 and basic fibroblast growth factor in vitro and after injury in vivo (Smith and Hale, 1997) and thus differs from that of OL -derived and presumably motoneuronderived TN-R (see below), the levels of expression of these growth factors in the axotomized motor nucleus seem to be insufficient to induce a stable upregulation of the molecule.
The molecular mechanisms of TN-R downregulation need further clarification. There are, in fact, two main possibilities: (1) a decrease in synthesis by TN-R producing cells in the motor nucleus, i.e., OL s and motoneurons, and /or (2) an increased proteolysis. At least for OL s, the first possibility is given by our present findings on the effect of MC M and TN F-␣, a proinflammatory cytokine released by activated microglia and observed in CNS pathology or after facial nerve injury (Dickson et al., 1993; Raivich et al., 1997) , on TN-R expression by these cells. In addition to the proposed microglia-mediated mechanism, TN-R synthesis by lesioned motoneurons, which could also contribute to TN-R production and perineuronal net formation, might depend on reinnervation of the peripheral target. While TN-R expression in OL s seems to depend on platelet-derived growth factor (Jung et al., 1993) , thyroid hormone, and /or TN-R itself (Pesheva et al., 1997) , the regulation of its expression by motoneurons is presently unknown. Furthermore, proteolytic activity could account for the observed downregulation of TN-R, because the release of proteases by activated microglia has been suggested to contribute to EC M degradation and to favor microglial migration (Nakajima et al., 1992) .
The molecular basis of TN-R-mediated microglial repulsion is presently unknown. Microglia do not express the presently known cell surface receptors for TN-R, such as F3/11, CALEB, and sulfatides, expressed by neurons and /or OL s (Brümmendorf et al., 1993; Pesheva et al., 1993 Pesheva et al., , 1997 Koch et al., 1997; Schumacher et al., 1997) . In analogy to its antiadhesive action on C NS neurons (Pesheva et al., 1989 , TN-R inhibits microglial adhesion independently of the adhesive molecular cues present in vitro or in situ. Microglial detachment, however, takes place within 30 min in culture, a time at which neurons are still attached to TN-R substrates (Morganti et al., 1990; Pesheva et al., 1993) , suggesting the activation of signaling cascade(s) different from that in neurons. Furthermore, Ab tn-R1, which completely neutralizes the antiadhesive effect of TN-R on microglia in vitro, does not interfere with the interaction of F3/11-expressing neurons or chinese hamster ovary cell transfectants with TN-R and ensuing detachment of neurons (Pesheva et al., 1989 . The protein epitope recognized by tn-R1 is presently unknown, but it is also present in human TN-R, and current studies demonstrate that human brain-derived TN-R displays similar antiadhesive properties toward microglia, suggesting the relevance of such mechanisms to human C NS pathologies (Pesheva, Spiess, Winterhalter, and Peshev, unpublished observations) . During initial stages of microglial activation, TN-R present in the neuropil could enhance microglial motility, i.e., facilitate migration by preventing stable adhesion to cells in the lesioned nucleus. This is supported by the observations that microglial rings surrounding injured motoneurons in the facial nucleus are established at POD 7-10, a period characterized by (1) a dramatic decrease of TN-R in the neuropil and the perineuronal net and (2) a reduced microglial motility (Leong and Ling, 1992; Streit and Graeber, 1993; present study) .
The expression of TN-R in perineuronal nets appears to be a common feature of interneurons and motoneurons in different parts of the mammalian CNS, such as cortex, hippocampus, cerebellum, retina, brainstem, and spinal cord Celio and Rathjen, 1993; Wintergerst et al., 1993 Wintergerst et al., , 1996 ; present study). TN-R may thus participate in the macromolecular organization of the perineuronal net by assembling complexes of ECM proteins and proteoglycans based on its divalent cationdependent homophilic binding properties (Pesheva et al., 1991) and heterophilic interactions with chondroitin sulfate proteoglycans, such as versican (Celio and Blümcke, 1994; Aspberg et al., 1997) . As shown previously for cortical and hippocampal interneurons (Celio and Blümcke, 1994; Scheffler et al., 1997) , TN-C is also a constituent of the perineuronal net of motoneurons in the brainstem in which the expression of TN-R, however, is much more pronounced. Perineuronal nets are supposed to be involved in neuron-glia recognition mechanisms and in maintaining neuronal homeostasis by concentrating different growth factors, proteases, and ions (Brückner et al., 1993; Celio and Blümke, 1994) . During postnatal life, the extrasynaptic appearance of ECM constituents with nonpermissive properties for axon outgrowth, such as TN-R and TN-C, is likely to provide a molecular barrier to the formation of new synaptic contacts. Supporting such functional implication is the fact that the expression of these molecules is preceded by the accomplishment of experiencedependent plasticity (Hockfield et al., 1990; Wintergerst et al., 1993 Wintergerst et al., , 1996 . In the developing rat neocortex, TN-R expression in the perineuronal net of interneurons coincides with the appearance and maturation of the neuron membrane-associated cytoskeleton, which may participate in the organization of perineuronal ECM molecules via association with their cell surface receptors (Wintergerst et al., 1996) . In light of our present findings, an intriguing speculation is that peripheral nerve axotomy evokes derangement of the motoneuron cytoskeleton, resulting in impaired structural integrity of the perineuronal net, thus facilitating the destruction of the latter by proteases secreted by activated microglia. Together, these findings suggest that downregulation of TN-R and ensuing perineuronal net destruction in the lesioned motor nucleus might be a prerequisite for abnormal or lacking connectivity, the latter attributable in part to the stable adhesion of microglia at the TN-R-free neuronal cell membrane. Notably, perineuronal nets are found to disappear around cortical neurons of HIV-infected brains and in Alzheimer's-type dementia (Kobayashi et al., 1989) . Downregulation of TN-R expression in perineuronal nets in brain diseases has not yet been reported, but as our study suggests, it could affect neuronal function and/or survival.
